Purpose: The photoparoxysmal response (PPR) is the most important EEG indication of photosensitivity (PS). It may be elicited by intermittent photic stimulation (IPS). PS mostly affects young individuals, with adolescent females at greatest risk. The diagnosis of PS is based on visual EEG assessment. To date, no objective test of PS has been established. Method: Here we describe 89 individuals of both sexes, aged 5-18 years, epileptic and non-epileptic, in whom a PPR was elicited by IPS during a standard EEG procedure. The distribution of amplitude and intrahemispheric coherence indices were analyzed and, in each case, revealed a unique pattern of PPR propagation. Results: A lateral (occipito-temporo-frontal) track was found in 52% of recordings, and 55% of individuals tested showed symmetric patterns. A bilateral pattern dominated in all age groups, all grades of PS, and across epileptic and non-epileptic groups. Conclusion: A symmetric, bilateral pattern is the most common type of PPR across genders and all ages, regardless of grade of PS and the presence of epilepsy. The results of this study show the current PPR classification in a new light and provide a basis for the concept of PPR lateralization based on objective, quantitative findings.
Introduction
Despite many years of great interest in this topic, the photoparoxysmal response (PPR) is still a poorly understood phenomenon. PPR is believed to be related to inefficient inhibition mechanisms in the visual cortex and its connections [1] . It constitutes the essence of the photosensitivity (PS) phenomenon, elicited by an intermittent photic stimulation (IPS), strap patterns, or video games [2] . The prevalence of PS in healthy individuals is reported to range from 0.5 to 8.9% [3] . In the European population of epilepsy patients, the incidence rises to 5-10%, and in some genetically determined epilepsy syndromes, such as juvenile myoclonic epilepsy (JME), it may affect up to 90% of patients [4, 5] . PS is mainly observed in the pediatric population, of which an estimated 1.3-1.4% of children aged 6-18 years are affected [6] .
The inheritance of PS is independent of the genes associated with epilepsy. Currently, only a few genes are suggested to be associated with PS [7, 8] . PS can occur in children who do not suffer from epilepsy, but who are genetically burdened with excessive sensitivity to IPS [9] . The relationship of double chromosome X and PS inheritance has also been discussed in literature, which observes the preponderance of females among PS-affected children [10, 11] .
A standard diagnostic of PS is usually based on the analysis of EEG. The occurrence of PPR following IPS, which is part of the examination protocol, is assessed by means of visual (qualitative) analysis. When a PS diagnosis is established the PS grade is determined according to the four-step Waltz scale [12] , which relies on visual examination.
So far, the applied definitions and classifications do not benefit from the quantitative assessment of EEG records (QEEG), which is based on objective parameters. At the same time, most modern EEG devices offer many standard tools for their analysis.
The most commonly used parameters are the amplitude of the discharge, recorded in each channel, and coherence, an amplitudeindependent measure of phase synchrony between EEG signals [13] . Both may be measured in typical frequency bands (theta, delta, alpha, gamma, and beta). While straight-measured amplitude corresponds to the actual power of the discharge, coherence depends on the structural connections within the cerebral hemisphere (intrahemispheric coherence, HCoh) or between the hemispheres (interhemispheric coherence, ICoh) [14] . The HCoh may vary in conduction-affecting disorders (i.e., mild head injury has been found to raise its value), whilst dementia or Alzheimer's disease is characterized by its decrease [15] . Therefore, coherence is considered to reflect the potential ability of the hemisphere to conduct stimulus-related information between the cortical areas.
To date, among many published papers on the quantitative evaluation of EEG in various diseases, there has not been a study characterising PS by means of objective analysis. The choice of objective independent parameters for the PPR description requires knowledge about the individual pattern of propagation, whereas the only recognized classification of PPR does not offer information about the direction of a possible spread of the discharge. What is known is that the PPR spreads from occipital to frontal regions. According to the scale proposed by Waltz, in patients with PS grade IV, generalized spikes and waves or polyspikes and waves should be observed in occipital, parietal, and frontal regions. Although generalized discharges are detected over all leads, this description omits temporal regions, drawing attention primarily to the occipito-parieto-frontal line. This direction of spread seems the most logical for analytic purposes; however, it may not be the only possible pathway starting from occipital lobes to reach the frontal regions.
Considering that no specific pattern of the discharge transmission within a hemisphere has been defined so far, one must admit that a morphology of PPR is still a matter of visual assessment. Therefore, the goal of this study was to determine the possible patterns of propagation of PPR in PS-affected children with the use of an objective and repeatable method. This information seems fundamental in understanding the PPR morphology, as it influences many aspects of the quantitative approach to the topic and is necessary for further data processing.
Material and methods
The study was based on the analysis of EEG records of patients with PS diagnosed in the EEG Laboratory of Bogdanowicz Memorial Hospital for Children in Warsaw, Poland. Parents or legal attendants consented to the study. The study protocol was approved by the local Bioethics Committee.
Material
The study group consisted of 89 patients of both sexes, aged 5-18 years. The group included 26 boys (23%) and 63 girls (76%), with a mean age of 13.2 AE 3.7 years. Adolescents were the most numerous (45%), and children aged 5-10 years constituted 21% of the studied group.
The study included patients who reported for the first time to our laboratory and were diagnosed with PS grade I, II, III, or IV. Medical indications for the EEG examination were epilepsy or tension headaches. All patients enrolled in the study were assigned to "epilepsy" (42 subjects) or "headache" groups (47 subjects). The epilepsy spectrum in our study covered temporal lobe epilepsy (TLE) À secondarily generalized tonic-clonic seizures (SGTCS), juvenile myoclonic epilepsy (JME), and absence seizures. All headache patients had a history of frequent episodic tension-type headaches (type 2.2 according to ICHD-3 beta classification [16] ). Patients with migraine headaches after a head injury or brain surgery were not included in the study.
Prior to the EEG, all patients underwent imaging studies (CT or MRI of the head) in order to exclude organic causes of their medical complaints. None of the patients enrolled in the study had neurological treatment before the EEG examination.
The age, gender, and clinical characteristics of the patients are presented in Table 1 .
A control group was not designed due to the observational character of the study.
Method
The EEG was performed during the day in awake and upright patients, in a quiet room with dim lighting. The examination was carried out with the use of the Elmiko device according to an international 10-20 protocol [17] . The signal was recorded with 19 leads. The IPS was performed in the final part of the EEG, before hyperventilation, according to an updated European IPS protocol [18] : recording with 3 eye conditions, lamp with a circular reflector, and a viewing distance of 30 cm, with two minor modifications: 1) flash frequencies of 1-2-4-6-8-10-12-14-16-18-20-30-40-50-60 Hz, and 2) a flash series lasting 10 s with a 10 s interval. The whole examination was video-recorded.
An artifact-free epoch of 2 s duration, containing IPS-induced discharge, was selected for every patient. The amplitude and intrahemispheric coherence (HCoh) were calculated by EEG software. Power spectra for each lead were obtained with the Fast Fourier Transformation algorithm, although only the maximal amplitude value for each lead was considered representative for the actual power of a discharge and used for further analysis. The amplitudes were measured at 8 points for each hemisphere: O1, P3, T5, C3, T3, F3, F7, and Fp1 for the left side, and O2, P4, T6, C4, T4, F4, F8, and Fp2 for the right side. Coherence indices were computed for 12 intrahemispheric electrode pairs in accordance with the adopted direction of propagation (i.e., the coherence indices for the left hemisphere were: O1-P3, O1-T5, P3-C3, P3-T3, T5-C3, T5-T3, C3-F3, C3-F7, T3-F4, T3-F7, F4-Fp1, and F7-Fp1). The amplitude and HCoh values were then registered at the study database.
Data processing
An individual map for every patient was created based on the database. The map contained a graphical distribution of amplitude and coherence values transmitted to the respective location. Having done this, we could distinguish the tracks and patterns of PPR propagation.
The tracks were assigned separately for each hemisphere. For the purposes of this study, we assumed that the stimulation always spread forward to reach the frontal lobes (on the left side according to the scheme O1-P3/T5-C3/T3-F3/F7-Fp1; on the right: O2-P4/ T6-C4/T4-F4/F8-Fp2). The track running along the highest values of amplitude/coherence was considered predominant for the hemisphere (see Fig. 1 for the directions and proposed naming system). In every case an actual (based on the amplitude) and "theoretical" (based solely on the HCoh) track was distinguished.
A "propagation pattern" was established by combining dominant tracks from the left and right hemisphere and placing them accordingly in order, starting from the left (for example, for a "4L/ 2M-L pattern" the 4L track dominated in the left hemisphere, and a 2M-L track in the right).
Finally, every patient was characterized by a specific pattern of PPR propagation (actual and "theoretical"). We analyzed the symmetry of the patterns and their correlation with age, gender, PS grade, and epilepsy status.
Results
We analyzed the distribution of maximal values of the amplitudes recorded in each lead and the values of HCoh. Based on the data obtained during IPS, eight distinct tracks of PPR propagation were distinguished, as indicated in Fig. 1. 
Tracks
The lateral track (4L) was the most common type of spread of PPR in the entire studied group (t-Student test, p < 0.05). In total, it was registered 93 (52%) times (44 in the left hemisphere and 49 in the right), followed by 2L-M (23 times, 13%) and 2M-L (20 times, 11%). The same tracks dominated on the left and right sides ( Table 2) .
The "theoretical" lateral track was registered 104 times (58%), while the second most common was the medial track (4 M), which was observed 24 times (13%). The "theoretical" 4L track dominated both sides (Table 2) .
Patterns of PPR propagation
A 4L/4L pattern revealed to be specific for 35 of the studied 89 patients (39%). The second most common patterns were 2L-M/2L-M (6 cases, 7%) and 2M-L/4L (6 cases, 7%). In total, 49/89 children (55%) revealed symmetrical patterns; apart from the leading 4L/4L pattern, 16% of patients had another symmetrical pattern. The remaining 45% of patients presented mixed patterns (Fig. 2) .
Among "theoretical" patterns, 4L/4L turned out to be dominant in 46/89 children (52%), followed by 4 M/4L (6 cases, 7%) and 4L/L-2 M (5 cases, 6%). "Theoretical" symmetrical patterns were observed in 51/89 patients (57%). However, the compatibility between the "theoretical" and actual patterns in the entire studied group was only 25% (22 cases, all 4L/4L). In 11 cases (12%) an inconsistency between "theoretical" and actual symmetrical patterns was observed (most commonly, a "theoretical" 4L/4L pattern turned out to be an actual bilateral 2L-M pattern; this observation was recorded in 5 cases). Based on the distribution of amplitude values, the direction of PPR propagation was determined in each hemisphere. In the case of equal amplitudes in both leads at the same level, the further estimation of a direction was made on the basis on the HCoh values. Since the PPR finally reaches the frontal lobes, it can be recorded in 4 consecutive channels, which gives various naming possibilities. If the track runs medially, the channel is marked with "M"; if it runs laterally it takes the letter "L". If it changes course from medial to lateral, or vice versa, it is marked with "0". Hence, every track has four elements that contribute to the final name. The name of the track begins from the occipital lead as the PPR propagates forward. In the figure, eight possible routes and their descriptions are presented. Each description is followed by its abbreviated name, which omits channels marked with "0"; i.e., 2L-M refers to the "L-L-0-M" track and 4M refers to the "M-M-M-M" track.
Table 2
The number of recorded actual and "theoretical" tracks.
Actual
Theoretical 4L  44  49  49  55  60  67  54  61  2L-M  11  12  12  13  2  2  0  0  2L  6  7  3  3  1  1  4  4  L-2M  4  4  3  3  7  8  7  8  4M  5  6  2  2  11  12  13  15  2M-L  10  11  10  11  2  2  7  8  2M  3  3  0  0  0  0  0  0  M-2L  6  7  10  11  6  7  4  4 3.3. Grade of PS, gender, and age
Considering the grade of PS, symmetrical patterns appeared to be dominant in at least half of every PS group (Table 3) . The 4L/4L pattern was the only symmetrical one in patients with PS grade I, II, or III. In PS grade IV patients it was the most common (64% of symmetrical patterns in this group).
The 4L/4L pattern was the most frequently observed for both sexes. Symmetrical patterns were found in 65% of the boys and 51% of the girls. 4L/4L constituted 65% and 75% of patterns in boys and girls, respectively.
Regarding age, symmetrical patterns were found to be predominant in the group of older children (15-18 years). The 4L/4L pattern was found to be the most common symmetrical one across all age groups. Symmetrical patterns were not prevalent in the young and middle age group (Table 3) .
Epilepsy vs. headache patients
In the group of epileptic patients (n = 42) a 4L track was found 43 (51%) times (22 records in the left hemisphere and 21 in the right), followed by 2L-M (14 records, 17%) and M-2L (8 records, 9%) tracks. This group was dominated by a 4L/4L pattern (16 cases, 38%).
In the group of headache patients (n = 47) a 4L track was registered 50 (53%) times (22 records in the left hemisphere and 28 in the right). The second most common was a M-2L track (14 records, 15%), followed by a 2L-M track (9 records, 10%). A 4L/4L pattern was the most common in this group, being found in 19 patients (40%).
Symmetrical patterns were observed in 24/42 epilepsy patients (57%): 16 patients had TLE and 8 patients had JME. None of the patients with absence epilepsy presented with a symmetrical pattern. Symmetrical patterns were found in 25/47 headache patients (53%).
Discussion
The patterns of photoparoxysmal response have not been defined so far in literature. In 1992 Waltz et al. published a concise classification involving the discharge morphology and extent of its spread [12] . Nevertheless, this work did not establish a true direction of spread of the PPR. Our paper seems to be the first study focused directly on this topic. Primarily, it shows that the occipitoparieto-frontal direction of PPR propagation (we called it "medial" for its location in a scheme) involved in the Waltz scale is not dominant in the pediatric population. The discharge values were, in most of our cases, higher along the occipito-temporo-frontal (so called "lateral") line than along the latter. The tracks were not always straight À in some cases the propagation changes the line, producing mixed lateral-medial or medial-lateral tracks. The combination of left-and right-sided tracks brings another novelty À patterns of propagation within the hemispheres, which may be symmetrical or asymmetrical. In our opinion, these findings open a new field of discussion.
Methodology discussion
The concept of intrahemispheric propagation contributed to a better understanding of the pathomechanisms in a wide spectrum of neurological disorders [19, 20] , but has not been implemented so far to PS. Studies focused on photosensitive epilepsy highlight the spread of the stimulus originating from the occipital areas [21] . Recent studies on PS prove the safety of the intermittent photic stimulation and its usefulness in the detection of PPR [22] , but do not contain quantitative analysis of this phenomenon or its morphological description. Thus, a debate on the quantitative characteristics of this disorder remains necessary, as the visual assessment of EEG still does not bring specific information about the real course of the discharge (Fig. 3) . The first problem that needs clarification is the study design. Patients enrolled in this study belong to two different morbid conditions. PS is an independent entity inherited by genes other than associated with epilepsy, so we believe that the analysis of tracks and patterns can be performed jointly. At present, regarding the Waltz classification, the same type of PS is recognized in each patient who meets its criteria, regardless of epilepsy or headache status. Therefore, we believe that tracks and patterns may also be assigned to every patient with a diagnosis of PPR, although the diversity produces the heterogeneity of the studied group. The advantage of this situation, however, is the finding that, regardless of epilepsy status, similar patterns are prevalent in each subgroup of studied photosensitive patients. This might not have been discovered if the group was homogeneous.
Another problem is the selection of parameters adequate to establish actual and "theoretical" tracks and patterns. Based on our findings we can assume that the significance of HCoh in determining the course of propagation is probably of lesser importance than the amplitude. The analysis of the values of HCoh for each pair of leads allows, probably with some bias, the approximation of a theoretical pathway of propagation within the hemisphere. This line of reasoning was widespread at the beginning of clinical application of QEEG, as coherence was considered a classical estimator in the bivariate method of assessment of brain connectivity. However, more recent studies show that the use of coherence may lead to ambiguous results, since it does not involve information on the casual interactions between EEG channels and may depict "tracks" reflecting certain abilities of the hemisphere, rather than a real transmission of a particular type of stimulus. Therefore, an estimation of the course of propagation pathways in PS patients made purely on the basis of bivariate HCoh analysis may lead to false conclusions [23] .
The investigation of all possible coherence channels at once and the use of more sophisticated tools (i.e., directed transfer function (DTF) and multivariate autoregressive models (MVAR)) would offer greater possibilities for an accurate illustration of the propagation in PS [24, 25] . In our opinion this would allow verification of our primarily adopted hypothesis, that the stimulation always propagates towards frontal regions. If the propagation between leads at the same level (e.g., T6-P4 or C3-T3) is feasible, we assume that it is also possible to switch the track on the route between the occipital and frontal lobes. Taking this into consideration, it seems that prediction of the course of the track based on real values of the amplitudes, registered at the time of IPS, has a more direct and practical aspect.
The proposed direction of PPR propagation is based on the amplitudes. A source of doubt is if the discharge in patients with PS grade IV reaches the frontal lobes, represented by Fp1 and Fp2, then in those with lower grades of PS the amplitude values in these leads may be considered unrepresentative. Thus, it may seem that the propagation pattern in patients with PS grade III, II, or I should not be based on four channels, but on 3, 2, or 1, respectively. Nevertheless, we decided to accept this simplification to base the tracks on all 4 channels because it allows comparison of the patterns among different PS groups. So far, we have no objective quantitative evidence that the difference between the maximum amplitude in Fp1 or Fp2 and the baseline EEG function in these points before IPS is not statistically significant. This evidence, however, may be provided in future studies by means of quantitative EEG analysis.
Results discussion
In our opinion, what establishes the lateral track as the main pathway for PPR spread is the fact that the amplitudes along this particular line dominate the others in children affected by PS.
Taking into consideration what is already known from advanced methods of brain connectivity assessment, multiple lines or tracks exist; however, in the case of PPR, one of them, for some reason, takes advantage. If this reason was related to higher amplitudes in a specific line, this fact might put PPR morphology in a new light, as more than half of the patients immediately after IPS revealed a lateral direction of propagation.
This tendency points at the advantage of the particular direction of spread in the vicinity of the onset of arousal. A 2L-M/2L-M pattern, next to the leading purely bilateral one, shows a certain dominance of the lateral track in occipito-temporal regions, which favors this direction of spread, especially in children affected by PS grade IV.
It is interesting that in all examined children the same tracks most frequently registered were in separate left and right hemispheres. This finding correlates with the fact that the entire group was dominated by symmetrical patterns; more than one third of the examined children presented a dominant 4L/4L pattern, while a further sixth had another symmetrical pattern.
In terms of the aforementioned symmetry, three aspects deserve deeper analysis and discussion: grade of PS, age, and presence of epilepsy.
A symmetrical track arrangement was observed in at least half of the patients in each PS group, which correlates with the general trend among the examined children. The comparison of epileptic and headache groups in relation to the grade of PS shows that symmetrical patterns are found predominantly in non-epileptic children for PS grades I, II, and III (8 out of 10 in this study). This relation varies in PS grade IV, where the symmetry was observed in the epileptic group. Nevertheless, a 4L/4L pattern was dominant in all grades of PS. This gives rise to the conclusion that the pattern type is not characteristically associated with the type of PS.
Similar observations are provided by analysis of the age structure, which in the studied group reflects the trends reported in literature [26, 27] . The analysis of our results might lead to the conclusion that the symmetry of the pattern is typical for pediatric PS. However, although in our sample symmetrical patterns were observed more commonly than mixed patterns, an internal age diversity in the whole group should be taken into consideration. Symmetrical patterns accounted for less than 40% in children aged 5-10 years; in the older group (11-14 years) this observation was still below 50%. Therefore, the only justified correlation may be assigned to individuals aged 15-18 years, for whom a symmetry of the pattern is more typical than for younger children. It seems that the older the studied group, the more commonly symmetrical patterns are observed. This principle cannot be detected in the visual assessment of EEG, but it may reflect the "maturation" of EEG recording.
Symmetrical patterns were nearly equally distributed among epileptic and non-epileptic children. This observation was most evident in the group aged 11-18 years. The 4L/4L pattern again dominated among symmetrical patterns in both groups; this proportion was equal for epileptic and headache patients aged 15-18 years (79%).
Symmetrical patterns were also the most frequent in patients with epilepsy. This concerned both patients with temporal seizures and those with JME. Of note is that symmetrical patterns were not observed in patients with absence seizures, where the discharges are usually bilateral, symmetric, and synchronous [28, 29] . Apart from this, we found no significant correlation between particular patterns and the type of epilepsy. Our results may confirm and somehow objectify previous reports suggesting that photosensitivity does not define an epileptic syndrome but can appear in all major categories of seizures [30, 31] .
The analysis of the patterns' distribution leads to the conclusion that the symmetrical bilateral 4L/4L pattern is the most common across sex and age groups, regardless of the grade of PS and being an epileptic patient. Furthermore, comparison of two studied entities, epilepsy and headaches, reveals that in both groups the same patterns occur with comparable frequency. Both groups are dominated by symmetrical patterns, and in both the 4L/4L pattern is the most common. These conclusions seem to confirm our methodological assumption that PS is not just a characteristic associated with certain types of epilepsy, and the similarity of its propagation may also be observed in other entities.
Future perspectives
Considering the symmetry of patterns, a question of lateralization of PS spread appears. In our mind, the lateralization (understood as a dominance of one side over another) may play a role in the quantitative assessment of PS. The applications of methods of quantitative EEG evaluation involving the spectral analysis are yet unknown and it is difficult to imagine their usefulness in everyday practice. To estimate a possible lateralization one should primarily examine the individual propagation pattern in a patient and secondarily assess if a dominant track takes advantage over the contralateral side. Therefore, what this study has given us is an understanding that the individual pattern of propagation may be essential for further insight into the concept of PPR lateralization.
Another interesting aspect to be defined is the pure quantitative description of PPR. The internal diversity of the studied population, combined with various directions of spread revealed in this study, created a new field for comparison of the absolute values of PPR in distinct age and PS groups with their basic EEG amplitude. To date, we know only the direction of intrahemispheric propagation, but do not have the quantitative characteristics of the real power of PPR.
Further study in these areas is needed in order to reveal the relation between the potential lateralization and absolute power values in PPR and eventual practical aspects of quantitative EEG analysis.
Conclusions
We believe that our study exposes a small fragment of the quantitative nature of PPR. If we can describe PS, it seems that the lateral track dominates in children affected by this disorder, regardless of its type. In most patients it is bilateral, revealing the 4L/4L pattern to be the most common in the pediatric population. Symmetrical patterns are typical for children older than 14 years. To our best knowledge on the topic, further study in this direction should be beneficial for a more accurate diagnostic and treatment of PS-affected patients.
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